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ABSTRACT  
 
 
A bi-enzymatic biosensor (LACC–TYR–AuNPs–CS/GPE) for carbamates was prepared in a single step by electro- deposition of a hybrid ﬁlm onto a graphene doped 
carbon paste electrode (GPE). Graphene and the gold nanopar- ticles (AuNPs) were morphologically characterized by transmission electron microscopy, X-ray 
photoelectron spectroscopy, dynamic light scattering and laser Doppler velocimetry. The electrodeposited hybrid ﬁlm was composed of laccase (LACC), tyrosinase 
(TYR) and AuNPs entrapped in a chitosan (CS) polymeric matrix. Exper- imental parameters, namely graphene redox state, AuNPs:CS ratio, enzymes 
concentration, pH and inhibition time were evaluated. LACC–TYR–AuNPs–CS/GPE exhibited an improved Michaelis–Menten kinetic constant (26.9 ± 0.5 M) 
when compared with LACC–AuNPs–CS/GPE (37.8 ± 0.2 M) and TYR–AuNPs–CS/GPE (52.3 ± 
0.4 M). Using 4-aminophenol as substrate at pH 5.5, the device presented wide linear ranges, low detection limits (1.68 × 10−9 ± 1.18× 10−10–2.15 × 10−7 ± 
3.41 × 10−9 M), high accuracy, sensitivity (1.13 × 106 ± 8.11 × 104–2.19 × 108 ± 2.51× 107 %inhibition M−1), repeatability (1.2–5.8% RSD), reproducibility (3.2–
6.5% RSD) and stability (ca. twenty days) to determine carbaryl, formetanate hydrochloride, propoxur and ziram in citrus fruits based on their inhibitory capacity 
on the polyphenoloxidases activity. Recoveries at two fortiﬁed levels ranged from 93.8 ± 0.3% (lemon) to 97.8 ± 0.3% (orange). Glucose, citric acid and ascorbic acid 
do not interfere signiﬁ- cantly in the electroanalysis. The proposed electroanalytical procedure can be a promising tool for food safety control. 
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1. Introduction 
 
Carbamates are one of the principal classes of pesticides that are 
being largely used to increase crop yield. However, their residues may 
pose serious environmental and health problems [1,2]. The adverse 
effects of several carbamates were reported, and they include renal, 
hepatic, neurological, reproductive, immune, and metabolic functions 
in both humans and animals [3,4]. Some of them are classed as endo- 
crine disrupting chemicals [5] and regarded as priority pollutants by 
the United States Environmental Protection Agency [6]. 
Biosensor technology has been considered as a key tool for the 
implementation of the new European Union directives because of 
the negligible waste generation, minimization of use of hazardous 
substances, high sensitivity and selectivity, as well as, the in situ real- 
time monitoring capacity [7,8]. In this perspective, the biosensing of 
 
 
environmental pollutants, particularly agrochemicals, using enzymes 
as biorecognition element has increased pronouncedly in the last 
years [1,9–14]. Still, many of these devices need to improve their perfor- 
mance because of the low maximum residue limits (MRLs) established 
worldwide for pesticides [15,16]. Considerable positive synergistic 
effects on the current signal can be attained by combining several 
enzymes [17–21]. Enzyme selection and their sources have a major in- 
ﬂuence on the biosensor sensitivity [19,22]. The few studies dedicated 
to bi-enzymatic biosensors [17–21,23–25] reported in the last ten 
years are summarized in Table 1S (Supplementary material). As far as 
the authors know, there is no publication related to the application of 
bi-enzymatic biosensors for the quantiﬁcation of pesticides in food com- 
modities or in other real samples. Moreover, there is a general lack of 
validated biosensor-based procedures for analysis of food samples 
[1,12,13,26]. 
The main drawback of the application of enzymatic biosensors  
to complex matrices is the susceptibility of the transducer to surface 
passivation. Furthermore, enzymatic products may undergo partial 
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Fig. 2. A) Electrochemical behavior of 4-aminophenol (4.75 × 10
− 5 
M in 0.04 M 
Britton–Robinson buffer, pH 5.5) obtained with the bare GPE (dashed line) and with 
the LACC–TYR/GPE (solid line) after an incubation time of 20 min. Scan rate 50  
mV/s. B) Mechanistic proposal. 
 
electropolymerization onto the bare electrodes, yielding polyaromatic 
compounds which increase the capacitance and negatively inﬂuence 
the analytical response [19,27]. Protective polymeric ﬁlms are interest- 
ing strategies to overcome these limitations. Chitosan (CS) is a natural 
polysaccharide which has been extensively studied over the last two de- 
cades as a nontoxic, renewable and biodegradable polymer [20,28]. Due 
to the presence of amino and hydroxyl groups, CS ﬁlm exhibits multiple 
functionalities. CS can be cross-linked with nanomaterials [9,20,24,29], 
inorganic complexes [30], and biological elements [20,31], and used as 
support for blends with other polymers [32]. CS has excellent 
membrane-forming ability, high permeability towards water, good ad- 
hesion and biocompatibility providing a suitable microenvironment 
for electroimmobilization of biomolecules on different working surfaces 
[14,29,33]. However, CS has as main disadvantage to act as an insulator, 
which hinders the charge-transfer process. In order to improve the 
current signal, the enrichment of CS matrix with metallic nanoparticles 
has shown interesting results [21,24,29,33]. 
Graphene shows great promise for the development of electrochem- 
ical biosensors due to its excellent mechanical ﬂexibility, fast electron 
transfer, and good biocompatibility [13,34–36]. In addition, its electro- 
catalytic action diminishes the overpotential associated to electroactive 
compounds, minimizing the interferences that occur in real samples 
[37]. Graphene can enhance direct electron transfer between enzymes 
and electrodes. It has been also reported that the use of graphene asso- 
ciated with metal nanoparticles can form exceptionally stable and cost- 
effective biosensors [35,38]. No graphene-based bi-enzymatic biosensor 
was found in the literature so far. 
Thus, the goal of this study was to explore the synergistic advan- 
tages of combining CS (good adhesion and biocompatibility), AuNPs 
(high superﬁcial area, conductivity and electron transfer rate), two 
polyphenoloxidases (Trametes versicolor laccase, LACC, and Agaricus 
bisporus tyrosinase, TYR, which present high and selective catalytic 
activity towards phenolic compounds), and a graphene doped carbon 
paste electrode (20% (w/w); GPE) (high electrocatalytic activity, con- 
ductivity and adsorptive character) to prepare a novel bi-enzymatic bio- 
sensor. The construction of the device is based on a fast single step 
electrodeposition of an improved hybrid thin ﬁlm (LACC–TYR–AuNPs– 
CS) onto the GPE surface. The developed bi-enzymatic biosensor exhib- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 (continued). 
 
ited high accuracy, precision, sensitivity and stability for quantiﬁcation 
of worldwide used carbamates, i.e. formetanate hydrochloride (FMT), 
carbaryl (CBR), propoxur (PPX) and ziram (ZRM) in citrus (orange, 
tangerine and lemon) samples. 
 
2. Materials and methods 
 
2.1. Reagents 
 
The polyphenoloxidases LACC (0.5 U mg−1) and TYR (1.0 U mg−1), 
and  the  substrate  4-aminophenol  (4-AMP)  were  purchased from 
 
Fig. 1. TEM micrographs of graphene ﬂakes obtained by sonication-assisted exfoliation of graphite in N-methyl-2-pyrrolidone before (A) and after (B) the oxidation procedure 
by Hummers and Offeman method. (C) Representative XPS spectrum of as-prepared graphene ﬂakes obtained by sonication-assisted exfoliation of graphite in N-methyl-2- 
pyrrolidone. 
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Sigma-Aldrich (Germany). The carbamates CBR (CAS: 63-25-2), FMT 
(CAS: 23422-53-9), PPX (CAS: 114-26-1) and ZRM (CAS:  137-30-4) 
were supplied from Fluka (Pestanal®, Germany). Citric and ascorbic 
acids, and parafﬁn oil binder were obtained from Merck (Germany). 
D(+)-glucose anhydrous was from Scharlau (Spain). Spectroscopic 
grade graphite powder was purchased from Ultracarbon (Spain). Medi- 
um molecular weight chitosan (250–300 kDa, DD 93%, apparent viscos- 
ity 150 cps) was purchased from Altakitin (Portugal). Other chemicals 
were of reagent grade and used without further puriﬁcation. All solu- 
tions were prepared with ultrapure water (ρ = 18 MΩ cm−1) obtained 
by a Simplicity 185 apparatus (Millipore, Molsheim, France). 
Graphene was prepared by sonication-assisted exfoliation of graph- 
ite [59]. Brieﬂy, 10 g of graphite powder was sonicated in 100 mL of 
N-methyl-2-pyrrolidone (Sigma-Aldrich) using a probe sonicator 
with a titanium tip (Bandelin Sonoplus) for 6 h. The dispersion was cen- 
trifuged at 500 rpm for 45 min; the supernatant containing the dis- 
persed graphene ﬂakes was removed and then ﬁltered through a 
nylon 0.2 μm pore size membrane (Whatman). The resulting powder 
was dried by vacuum, at room temperature, for several days. The Hum- 
mers and Offeman method was employed to obtain oxidized graphene. 
The as-prepared graphene was submitted to a reaction with concentrated 
sulfuric acid, sodium nitrate, and potassium permanganate in absence of 
water [39]. Both as-prepared graphene and graphene oxide were charac- 
terized by transmission electron microscopy (TEM, Hitachi H-9000NA) 
with the microscope operating at an accelerating voltage of 200–  
300 kV. The as-prepared graphene was also characterized by X-ray pho- 
toelectron spectroscopy (XPS, VG Scientiﬁc ESCALAB 200A spectrometer) 
using non-monochromatized Al Ka radiation (1486.6 eV). 
AuNPs were synthesized by the Turkevich method, through the 
reduction of 0.01% gold (III) chloride solution by citrate and ascorbic 
acids [40]. The hydrodynamic size and potential zeta of the nanoparti- 
cles were characterized by dynamic light scattering and laser Doppler 
velocimetry, respectively, using a Zetasizer Nano ZS (Malvern Instru- 
ments Ltd., Malvern, UK) at 25 °C. 
 
2.2. Bi-enzymatic biosensor construction 
 
Initially, a carbon paste was prepared by mixing spectroscopic grade 
graphite powder with a parafﬁn oil binder (70:30%, w/w) and carefully 
hand-mixing it in a mortar and pestle. Subsequently, this paste was 
doped with 20% (w/w) of graphene. This proportion was selected 
based on prior studies developed by our team [13]. The resultant com- 
posite material showed excellent characteristics (high conductivity 
and electron transfer rate) as transducer. The graphene doped carbon 
paste was packed into a handmade cavity of a Teﬂon® tube (1.0 mm in- 
ternal diameter) and then provided by a stainless steel piston. The GPE 
surface was smoothed against a plain white paper and rinsed with ultra- 
pure water before each measurement. 
The composite material was produced by mixing different amounts 
of AuNPs, CS solution (1%, w/v), LACC and TYR. CS solution (1%, w/v) 
was prepared by dissolving 0.1 g chitosan powder in 10 mL of 0.05 M 
acetic acid solution. Several proportions of AuNPs (10, 20, 30, 40, 50, 
60 and 70%, v/v) and CS (1%, w/v) solutions were evaluated. This mix- 
ture was then enriched with LACC and TYR in several ratios, namely, 
4.0:1.0; 3.0:1.0; 2.0:1.0; 1.0:1.0; 1.0:0.0; 0.0:1.0; 1.0:2.0; 1.0:3.0,   and 
1.0:4.0% (w/w) to produce the uniform composite material LACC– 
TYR–AuNPs–CS. The LACC–TYR–AuNPs–CS/GPE biosensor was obtained 
by immersion of the GPE in the above solution and applying a constant 
potential of −1.5 V for 200 s [41]. These parameters allow electrodepo- 
sition of the hybrid ﬁlm in a single step. Then, the device was washed 
with ultrapure water. When not in use, it was stored at 4 °C. 
 
2.3. Electrochemical  experiments 
 
Cyclic voltammetry (CV), square-wave voltammetry (SWV) and 
electrochemical impedance spectroscopy (EIS) assays were performed 
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Fig. 3. Intensity of the 4-AMP (4.75 × 10
−5 
M in Britton–Robinson buffer, pH 5.5) cathodic 
peak current at −0.07 V obtained with the LACC–TYR–AuNPs–CS/GPE for different ratios 
(w/w) of LACC and TYR dispersed in the AuNPs–CS composite matrix. Error bars are the 
standard deviation of three replicates. 
 
 
at room temperature (20–22 °C) using an electrochemical system 
Autolab PGSTAT-30 (Eco Chemie, The Netherlands) and GPES/FRA soft- 
ware. The electrochemical cell was assembled with the developed bi- 
enzymatic biosensor as the working electrode, a Ag/AgCl/KCl (3.0 M) 
reference electrode, and a platinum counter electrode. 
Optimization of the electroanalytical procedure was performed 
using 4.75 × 10−5 M 4-AMP as substrate in 0.04 M Britton–Robinson 
buffer (BR; pH 5.5). For the pesticide quantiﬁcation by the proposed 
bi-enzymatic biosensor, the SWV parameters, i.e., the frequency, pulse 
amplitude and height of the potential step were optimized based on 
the maximum value of peak current (Ip), displacement of the potential 
peak (Ep), and alterations on half-peak width (ΔEp/2), since their values 
exert considerable inﬂuence on the sensitivity of the electrochemical 
procedure. The optimal SWV parameters were a frequency of 100 Hz, 
pulse amplitude of 40 mV and step of 3 mV. The apparent Michaelis– 
Menten constant Km (M) was determined using substrate concentra- 
tions ranging from 9.90 × 10−6 to 1.23 × 10−4 mol L−1 at the optimal 
experimental parameters. 
EIS experiments were performed in the same supporting electrolyte 
using 4-AMP as redox mediator, for a frequency range from 10− 1 to 
105 Hz, amplitude perturbation of 5 mV and applying the half-wave 
potentials of the 4-AMP reduction peaks in the absence (0.15 V) and 
in the presence (0.008 V) of the enzymes. 
 
2.4. Electroanalytical   characteristics 
 
The selected carbamates were quantiﬁed based on their capacity to 
inhibit the catalytic reaction of the substrate 4.75 × 10−5 M 4-AMP per- 
formed by the bi-enzymatic system. The inhibition percentages (IR, %) 
of the 4-AMP analytical peak at −0.07 V and the concentrations of the 
different carbamates were employed to obtain the analytical data, 
according to Eq. (1): 
 
  
where Ip
0 
and Ip are the peak currents before and after the standard 
addition of the carbamate pesticides, respectively. 
Standard deviations of the intercepts and the average of slopes of the 
straight lines from the analytical curves were used to determine the 
detection (LOD) and quantiﬁcation (LOQ) limits [42]. 
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Fig. 5. Relation between Ip and pH obtained with the LACC–AuNPs–CS/GPE (2%), TYR– 
AuNPs–CS/GPE (1%) and LACC–TYR–AuNPs–CS/GPE (LACC:TYR ratio of 2.0:1.0%, w/w). 
Experimental conditions: 4.75 × 10
−5 
M 4-AMP (0.04 M Britton–Robinson buffer), scan 
rate of 50 mV/s and incubation time of 20 min. Error bars are the standard deviation of 
three replicates. 
 
 
 
 
employed for the extraction step [44,45]. Brieﬂy, an aliquot of 10 ± 0.05 g 
of homogenized sample was transferred to a tube containing the buffer– 
salt mixture 6 g MgSO4/1.5 g NaCl/1.5 g C6H5Na3O7·2H2O (UCT, Bristol, 
USA). Next, 10 mL of acetonitrile was added and the QuEChERS tube 
was shaken vigorously for 1 min. After centrifugation in a 2.16 Sartorius 
centrifuge (Sigma, Goettingen, Germany), for 3 min at 4000 rpm, the sol- 
vent layer was evaporated under vacuum in a Büchi B-940 rotary evapo- 
rator (Büchi, Switzerland), and then with a gentle stream of nitrogen to 
complete dryness. The residue was re-dissolved with 10 mL of 0.04 M 
BR buffer solution at pH 5.5 containing 4.75 × 10−5 M 4-AMP, immedi- 
ately before the electroanalysis. Validation of the pesticide residue meth- 
odology was performed by recovery assays of fortiﬁed citrus samples at 
two spiking levels (0.01–3.14 mg kg−1). All measurements were carried 
out in triplicate by the standard addition method. 
 
3. Results and discussion 
 
3.1. Graphene characterization 
 
TEM micrographs of the reduced graphene (Fig. 1A) and oxidized 
(Fig. 1B) graphene conﬁrm the success of the graphite exfoliation in 
N-methyl-2-pyrrolidone which produced  graphene  ﬂakes  with  few 
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Fig. 4. (A) Nyquist plots of (a) bare GPE, (b) CS/GPE, (c) AuNPs–CS/GPE, (d) LACC– 
TYR–AuNPs–CS/GPE, (e) LACC–TYR/GPE, and (f) LACC–TYR–CS/GPE, for a frequency 
range of 10
−1 
to 10
5 
Hz and amplitude perturbation of 5 mV. Experimental conditions: 
4.75 × 10
−5 
M 4-AMP as redox mediator in 0.04 M Britton–Robinson buffer (pH 5.5), 
conditioning potential of 0.15 and 0.008 V in the absence and in the presence of the 
enzymes, respectively. (B) Equivalent electrical circuit comprising the resistance of the 
electrolyte (Rs/Ω), the polarization resistance (Rp/Ω), the Warburg impedance (Zw/Ω), 
and the capacitance of the system (Cp/F). (C) Cyclic voltammograms of 4.75 × 10
−5 
M 
4-AMP (Britton–Robinson buffer, pH 5.5) at 50 mV/s on LACC–TYR/GPE, LACC–TYR– 
CS/GPE,  and LACC–TYR–AuNPs–CS/GPE. 
2.5. Application to citrus fruits 
 
Samples of orange, tangerine and lemon were obtained from local 
markets (Oporto region, Portugal), and taken, chopped and homogenized 
in accordance with guidelines of the European Council Directive [43]. The 
Quick, Easy, Cheap, Effective, Rugged and Safe — QuEChERS method was 
layers, irregular shape and size, different thicknesses, and length varying 
from ~ 500 nm to ~ 1.5 μm. In addition, it can be observed that the mor- 
phology and the size of this nanomaterial were not signiﬁcantly affected 
during the oxidation procedure by the Hummers and Offeman method. 
The inﬂuence of the redox state of graphene ﬂakes in the electrochemical 
signal of the substrate 4-AMP was assessed. The as-prepared reduced 
graphene showed an analytical signal 2.1 times higher than the oxidized 
form. This result is due to the higher electric conductivity of the reduced 
graphene when compared to the oxidized sample, since upon 
graphene oxidation there is some disruption of the extended π delo- 
calization due to the formation of oxygen group functionalities with- 
in graphene layers. Consequently, the reduced form is more 
adequate for electroanalysis with 4-AMP substrate. XPS surface 
atomic characterization (Fig. 1C) indicated that the as-prepared re- 
duced graphene is composed by 87.0% carbon, 12.4% oxygen and 
0.6% nitrogen. The presence of nitrogen is due to a small contamina- 
tion of the solvent used (N-methyl-2-pyrrolidone), which doesn't 
compromise the quality of the material as transducer. 
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Table 1 
Carbamate pesticide calibration and recovery data obtained with the optimized LACC–TYR–AuNPs–CS/GPE biosensor in QuEChERS extracts of citrus fruits. Voltammetric conditions: 
4.75 × 10
−5 
M 4-AMP (0.04 M Britton–Robinson buffer, pH 5.5), frequency 100 Hz, pulse amplitude 40 mV and scan increment 3 mV. 
 
Parameter 
a
CBR 
b
FMT 
c
PPX 
d
ZRM 
Linear range/M 9.90 × 10
−8 
to 2.91 × 10
−6
 9.99 × 10
−7 
to 3.21 × 10
−5
 4.99 × 10
−7 
to 1.92 × 10
−5
 9.99 × 10
−8 
to 3.38 × 10
−7
 
Intercept/% inhibition −2.22 6.40 2.99 −2.32 
e
SDa/% inhibition ±0.21 ±0.13 ±0.08 ±0.12 
Slope/% inhibition M
−1
 2.92 × 10
7
 1.82 × 10
6
 1.13 × 10
6
 2.19 × 10
8
 
f
SDb/% inhibition M
−1
 ±1.82 × 10
6
 ±1.08 × 10
5
 ±8.11 × 10
4
 ±2.51 × 10
7
 
r 0.9994 0.9992 0.9988 0.9989 
g
LOD/M 1.98 × 10
−8
 2.15 × 10
−7
 1.87 × 10
−7
 1.68 × 10
−9
 
SDLOD/M ±1.22 × 10
−10
 ±3.41 × 10
−9
 ±6.03 × 10
−9
 ±1.18 × 10
−10
 
h
LOQ/M 6.60 × 10
−8
 7.17 × 10
−7
 6.25 × 10
−7
 5.62 × 10
−9
 
SDLOQ/M ±4.06 × 10
−10
 ±8.37 × 10
−9
 ±9.44 × 10
−9
 ±3.94 × 10
−10
 
Spiking assays in citrus fruits  
a
CBR 
 
b
FMT 
 
c
PPX 
 
d
ZRM 
Spiking level I/(mg/kg) 0.01 0.63 0.52 0.01 
Recovery/% in orange 96.3 ± 0.4 95.1 ± 0.1 93.9 ± 0.2 95.6 ± 0.4 
Recovery/% in tangerine 95.7 ± 0.2 96.3 ± 0.4 94.2 ± 0.1 96.5 ± 0.1 
Recovery/% in lemon 94.9 ± 0.1 94.8 ± 0.6 93.8 ± 0.3 95.2 ± 0.2 
Spiking level II/(mg/kg) 0.03 3.14 2.55 0.04 
Recovery/% in orange 96.8 ± 0.1 96.1 ± 0.3 95.6 ± 0.2 97.8 ± 0.3 
Recovery/% in tangerine 95.7 ± 0.2 96.6 ± 0.3 96.9 ± 0.2 97.3 ± 0.3 
Recovery/% in lemon 94.8 ± 0.1 95.4 ± 0.5 96.2 ± 0.1 97.1 ± 0.1 
a  
CBR: carbaryl. 
b 
FMT: formetanate hydrochloride. 
c 
PPX: propoxur. 
d  
ZRM: ziram. 
e 
SDa: standard deviation of intercept. 
f 
SDb: standard deviation of the slope. 
g 
LOD: detection limit. 
h 
LOQ: quantiﬁcation limit. 
 
 
 
3.2. Bi-enzymatic biosensor construction 
 
3.2.1. Concentration ratio of AuNPs and chitosan in the composite material 
CS has a geliﬁcation process at pH values below its pKa (~ 6.5) due to 
the protonation of the hydroxyl and amine groups. In these condi- 
tions, the produced material can be used as microenvironment to 
electroimmobilize at − 1.5 V several materials such as metallic nano- 
particles and enzymes onto different surfaces due to its  suitable 
biocompatibility and cross-linking ability [14,25,28,20,41]. 
In this work, negatively charged AuNPs were used in the CS matrix 
(pH = 5.5) to enhance the conductivity. The synthesized AuNPs exhib- 
ited a mean hydrodynamic diameter of 37 nm and an average zeta po- 
tential of −38 mV which indicate a physically stable nanosuspension 
and low tendency to form aggregates [40]. The effects of the AuNPs in 
the CS matrix were investigated, after electroimmobilization onto the 
GPE, through the intensity of the peak current of the substrate 4-AMP 
(4.75 × 10−5 M in BR buffer at pH 5.5). On a bare GPE, the electrochem- 
ical behavior of 4-AMP (evaluated from −0.3 to 0.6 V) is represented by 
a quasi-reversible process (Fig. 2A) with well-deﬁned anodic (peak Ia at 
0.31 V) and cathodic (peak Ic at 0.15 V) peaks, which are related to 
formation of a quinone-imine derivative (Fig. 2B) [46]. When pure CS 
was electroimmobilized onto the GPE, a decrease of the peak currents 
was observed due to the insulating properties of this biopolymer. 
The proportion of AuNPs in the CS matrix (10, 20, 30, 40, 50,  60 
and 70%, v/v) was optimized. A linear increase of the anodic and ca- 
thodic (peak Ic  at 0.15 V; −Ip/μA = 3.57 × 10
− 2  ± 2.31 ×   10− 4 
+ 4.99 × 10− 2 ± 1.46 × 10− 4 [AuNPs:CS]/(% v/v); r = 0.9984; n 
= 7) peak currents was observed for all ratios tested, suggesting a 
better conductivity and sensitivity for analytical applications. How- 
ever, the composite material became less consistent and more sus- 
ceptible to lixiviation from the GPE surface above 40% (v/v). For this 
ratio, the values of Ip increased ca. 2.3 times. Based on these results, 
a proportion of AuNPs 40% (v/v) in the CS solution was selected for 
 
3.2.2. Concentration ratio of LACC and TYR in the hybrid ﬁlm 
In acid conditions, polyphenoloxidases catalyze the oxidation process 
of 4-AMP (Fig. 2B) [12]. Therefore, the quinone-imine derivative pro- 
duced in the ﬁrst step is converted to p-benzoquinone at the second 
step (Fig. 2B), which may be further reduced to p-hydroquinone   at 
−0.07 V (peak IIc, Fig. 2A) on the bi-enzymatic biosensor through an irre- 
versible process. This step has a slow kinetic and appears to determine the 
rate of the redox reaction. In this work, this cathodic peak (peak IIc at 
−0.07 V) was selected as analytical signal due to its higher intensity 
and stability. 
The optimum proportion of LACC and TYR in the AuNPs–CS compos- 
ite matrix was determined. According to the optimization results exhib- 
ited in Fig. 3, when LACC and TYR are used together, and particularly 
when LACC exists in larger amounts, there is a clear synergistic effect 
that promotes the ampliﬁcation of the 4-AMP electrochemical signal. 
LACC contributes more signiﬁcantly than TYR to the catalytic oxidation 
of the substrate having a higher impact on the increase of the Ip values. 
The best results were observed for the LACC:TYR ratio of 2.0:1.0% (w/w) 
(corresponding to 1:1 U/U) which was considered the optimal propor- 
tion. These results are similar with those attained by Kochana et al. [19] 
that co-immobilized the enzymes in a titania gel matrix. 
 
3.3. Electrochemical characterization of the biosensor 
 
Studies were conducted by EIS in order to evaluate the inﬂuence of 
each modiﬁcation in the interface properties of the biosensor. The ob- 
tained Nyquist plots are presented in Fig. 4A, and the equivalent electri- 
cal circuit used to ﬁt the electrochemical impedance data is presented in 
Fig. 4B. According to the standard complex function representation, the 
impedance data can be described as a real Z′(ω) and an imaginary part Z 
″(ω) (Eqs. (2)–(3)) [47]: 
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Fig. 6. Square-wave voltammograms of 4.75 × 10
−5 
M 4-AMP (0.04 M Britton–Robinson buffer, pH 5.5) obtained with the developed LACC–TYR–AuNPs–CS/GPE bi-enzymatic 
biosensor for quantiﬁcation of (A) carbaril (CBR; 9.90 × 10
−8
–2.91 × 10
−6 
M), (B) formetanate (FMT; 9.99 × 10
−7
–3.21 × 10
−5 
M), (C) propoxur (PPX; 4.99 × 10
−7
–1.92 × 10
−5 
M) 
and (D) ziram (ZRM; 9.99 × 10
−8
–3.38 × 10
−7 
M) in QuEChERS extracts of orange samples by the standard addition method. Square-wave voltammetric conditions: frequency 
100 Hz, pulse amplitude 40 mV and scan increment 3 mV. The inserts refer to the calibration curves obtained for each carbamate pesticide by inhibition of the enzymatic catalysis (inhi- 
bition percentage, %IR = −2.22 ± 0.21 + 2.92 × 107 ± 1.82 × 106 [CBR]/M; r = 0.9994; n = 8; %IR = 6.40 ± 0.13 + 1.82 × 106 ± 1.08× 105 [FMT]/M; r = 0.9992; n = 8; %IR = 2.99 ± 
0.08 + 1.13 × 10
6 
± 8.11 × 10
4 
[PPX]/M; r = 0.9988; n = 9; %IR = −2.32 ± 0.12 + 2.19 × 108 ± 2.51× 107 [ZRM]/M; r = 0.9989; n = 8). 
 
 
  
  
    
immobilization processes were also efﬁcient, but in the presence of 
AuNPs the system exhibited a better performance as electrochemical bio- 
sensor. AuNPs are widely used nanomaterials because of their large spe- 
where Rs/Ω is the resistance of the electrolyte; Rp/Ω the polarization 
resistance; Cp/F is the capacitance of the system and ω is the angular fre- 
quency (ω =2 × π × f; f is the ac-frequency) [47]. GPE showed excellent 
conductivity and a Z′/−Z″ linear relation (line a), suggesting a mass- 
transfer process controlled by diffusion. When CS was electrodeposited 
onto the GPE, a large capacitive arc was observed (line b), indicating an 
increase of the charge-transfer resistance (Rct = 767 Ω). However, 
when CS was enriched with AuNPs (line c), the charge-transfer values 
decreased sharply (Rct = 407 Ω), showing that the gold nanoparticles 
clearly improved the conductivity of the hybrid ﬁlm. 
Regarding the best pathway to immobilize LACC and TYR onto the 
electrode, cyclic voltammograms of the three alternatives tested, namely, 
dispersion in the AuNPs–CS composite material, dispersion in pure CS 
matrix, and directly onto the GPE by drip-coating (solution containing 
20 U mL−1 LACC and 10 U mL−1 TYR) are presented in Fig. 4C while 
the corresponding EIS results may be observed in Fig. 4A (lines d–f). 
The lower charge-transfer resistance (Rct = 527 Ω; Fig. 4A, line d) and 
consequent higher peak intensity (Fig. 4C) were reached when the 
enzymes were dispersed in the AuNPs–CS composite. For the other two 
cases (lines e and f for drip-coating and dispersion in pure CS matrix, 
respectively), the Rct was higher and quite similar, indicating that the 
ciﬁc surface area, strong adsorption ability, and high conductivity [33]. 
Their conductivity characteristics improve the electron transfer between 
the enzyme redox center and the electrode surface [37]. They can strong- 
ly interact with biomaterials and they have been used as a mediator to 
immobilize biomolecules and to efﬁciently retain their activity [33]. 
 
3.4. Effect of the pH and incubation time on the biosensor response 
 
Although the two selected enzymes are polyphenoloxidases, each 
one has a different working pH range where maximum activity occurs 
(2.0–6.0 for LACC and 5.0–8.0 for TYR). Moreover, the optimum pH is 
highly dependent on the enzyme source and on the substrate used 
[12,19,22,48]. This experimental parameter is crucial for the develop- 
ment of bi-enzymatic systems. The pH of the electrolyte was ranged 
from 4 to 7 to characterize the individual activity of LACC and TYR, 
and the activity of the bi-enzymatic system proposed (Fig. 5). The 
current response resulting from the enzyme-catalyzed reaction (peak 
IIc observed at −0.07 V, Fig. 2A) achieved a maximum value at pH 5.0 
and 6.0, respectively, for LACC–AuNPs–CS/GPE and TYR–AuNPs–CS/GPE. 
These results are in accordance to those reported for other individual 
LACC- and TYR-based biosensors [8,49–51]. By using both enzymes 
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at the optimum ratio (2.0:1.0, w/w), the peak current was enhanced 
ca. 1.6 to 2.1 times at pH 5.5 indicating a signiﬁcant synergistic effect 
of the LACC–TYR conjugate system. Also, the increase of the pH caused 
a linear displacement of the peak potential to more negative values 
(−Ep/V = − 0.64 ± 0.009 + 0.16 ± 0.023 pH; r  = 0.9987; n = 7) 
conﬁrming a proton-dependence of the substrate. A pH of 5.5 was 
selected as the optimum. 
The apparent Michaelis–Menten constant Km (M) [29,52], which 
reﬂects both the enzymatic afﬁnity and the kinetic constants was deter- 
mined based on the Lineweaver–Burk Eq. (4): 
  
where Is is the steady state current (A) after the addition of substrate, 
Imax corresponds to maximum current (A) obtained in the linear range 
and C is the concentration (M) of the substrate in the solution. Thus, 
for a linear regression equation obtained from the relationship between 
1/Is and 1/C data, the slope and intercept of the linear ﬁt correspond to 
Km/Imax  and 1/Imax, respectively. LACC–TYR–AuNPs–CS/GPE (Km   of 
26.9 ± 0.5 M) showed the most interesting properties when compared 
with the LACC–AuNPs–CS/GPE (Km of 37.8 ± 0.2 M) and TYR–AuNPs– 
CS/GPE (Km of 52.3 ± 0.4 M) since lower Km values indicate higher 
grade of afﬁnity of the immobilized enzymes to the substrate [53]. 
Considering that the analytical peak of the substrate (− 0.07 V, 
peak IIc at Fig. 2A) results from the reduction of the p-benzoquinone 
to p-hydroquinone at the second chemical–electrochemical  step  
(Fig. 2B) and that the formation of p-benzoquinone is slow and deter- 
minant for the reaction rate, the incubation time for the preparation 
of the biosensor surface was also optimized. The peak current in- 
creased until 20 min and remained approximately constant thereaf- 
ter (data not shown). Thus, this duration was selected as the working 
incubation/stabilization time before the analytical application of the 
constructed LACC–TYR–AuNPs–CS/GPE biosensor. Thereafter, and 
concerning the quantiﬁcation of the selected carbamates, no incuba- 
tion time between each SWV measurement was applied. 
 
3.5. Electroanalytical   characteristics 
 
Using the optimized square-wave voltammetric parameters (fre- 
quency 100 Hz, pulse amplitude 40 mV and scan increment 3 mV), 
calibration data were obtained for CBR, FMT, PPX and ZRM (Table 1). 
The lower inhibition percentages were observed for PPX, while the 
higher were detected for ZRM. These patterns of variation are related 
with the inherent toxicity of each pesticide for the employed bi- 
enzymatic system. The analytical curves (Fig. 6) presented wide linear 
ranges, suitable linearity and low dispersion of the data, even at low 
concentrations, with correlation coefﬁcients (r) ranging from 0.9988 
(PPX) to 0.9994 (CBR) (Table 1). The lower LOD and LOQ were reached, 
by order, for ZRM b CBR b PPX b FMT. The selected carbamates are ex- 
tensively applied for the protection of fruit and vegetable crops with 
MRLs ranging from 0.05 to 0.5 mg kg− 1 (w/w) [16,17]. The attained 
LODs calculated in a fresh weight basis (0.001    mg kg− 1  for ZRM, 
0.004 mg kg−1 for CBR, 0.039 mg kg−1 for PPX and 0.048 mg kg−1 for 
FMT) allow application of the electroanalytical procedure for fruit safety 
quality control. 
Repeatability and reproducibility were also assessed by the relative 
standard deviations (RSD) of different measurements. For intra-day 
repeatability (n = 10), RSD values ranged from 1.2 to 2.8%, and for 
inter-day repeatability (n = 5) from 3.2 to 5.8%. Reproducibility studies 
were made using four different biosensors and the attained RSD varied 
between 3.2 and 6.5%. The stability of the biosensor was also tested. The 
catalytic properties of the bi-enzymatic system retained 93.6% of its 
initial current response over a period of twenty days. 
Overall, the results show that the developed LACC–TYR–AuNPs– 
CS/GPE biosensor presents suitable analytical characteristics for 
quantiﬁcation of the selected carbamates. The results achieved with 
the proposed biosensor are in agreement or compare favorably with 
those reported previously (scarce and mainly based on acetylcholines- 
terase) for CBR [54–57], PPX [56], FMT [10,13] and ZRM [13,58]. 
 
3.6. Application  to  citrus fruits 
 
The validation of the biosensor-based procedure was performed by 
recovery assays performed at two spiking levels (0.01–3.14 mg kg−1 
w/w) in citrus fruits (orange, tangerine and lemon) (Table 1). Fig. 6 dis- 
plays representative recovery assays using the standard additions 
method. Acceptable recoveries for trace pesticides determination were 
found ranging from 93.9 ± 0.2 to 97.8 ± 0.3% for orange, from 94.2 ± 
0.1 to 97.3 ± 0.3% for tangerine, and from 93.8 ± 0.3% to 97.1 ± 0.1% 
for lemon samples. The lower recoveries were attained for PPX, 
while the superior were obtained for ZRM probably due to the different 
sensitivity of the biosensor to these compounds (the lower for PPX, 
1.13 × 10− 6 M, and the higher for ZRM, 2.19 × 10− 8 M; Table 1). 
Globally and as expected, a slightly better performance was observed 
for the higher fortiﬁed level tested. 
Orange, tangerine and lemon are important sources of glucose, citric 
acid and ascorbic acid. Consequently, they were tested as possible inter- 
ferences in the analytical signal of the LACC–TYR–AuNPs–CS/GPE 
biosensor (results not shown). Experiments were carried out in the 
presence of several interference:substrate ratios (1:10, 1:1 and 10:1 
(v/v)). The higher biases (%) were detected at the maximum ratio 
which is seldom to occur in 10 g of the analyzed citrus fruits. The results 
corresponded to a response reduction of 4.7 ± 0.3% for glucose, b 7.5 ± 
0.1% for citric acid and b 11.5 ± 0.4% for ascorbic acid. Therefore, these 
results corroborate the reliability of the pesticide residue methodology 
proposed. 
 
4. Conclusions 
 
In this ﬁrst study that explores the electrochemical and catalytic 
properties of a bi-enzymatic device based on a GPE, an accurate and 
sensitive LACC–TYR–AuNPs–CS/GPE biosensor was developed for car- 
bamate pesticide determination in citrus fruits. The chitosan polymeric 
matrix produced at pH 5.5 proved to be a suitable microenvironment to 
carry AuNPs and the selected polyphenoloxidases by a single and fast 
electrodeposition step onto the GPE. Although pure chitosan increased 
the charge-transfer resistance of the device, the use of AuNPs allowed 
overcoming this problem by reducing the Rct of the device, even in the 
presence of the enzymes. Synergistic positive effects were detected be- 
tween LACC and TYR at the optimum pH promoting high sensitivity of 
the proposed bi-enzymatic system. Also, the amine and hydroxyl 
groups of the chitosan in acid conditions attributed high stability (ca. 
twenty days) to the biosensor. Thus, the proposed and validated elec- 
troanalytical procedures can be an interesting strategy for food safety 
control of carbamate pesticide residues in fruits. Furthermore, it 
presents several advantages when compared to the traditional chro- 
matographic techniques employed, namely, it is clearly faster, easier, 
more environmental friendly while being amenable to integration for 
in situ determination. 
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